Solubility (vapor pressure) , viscosity and density have been experimentally determined for thirty-five potential refrigeration working fluids. Properties for low refrigerant concentration mixtures (0, 10, 20 and 30 weight percent refrigerant) were determined over the temperature range 0 to IOO•C (32 to 212"F) or to the critical temperature of the refrigerant, and pressure range 0 to 3,500 kPa (0 to 500 psia). High refrigerant concentration data (80, 90 and 100 weight percent refrigerant) is given covering -40 to +40 Celsius in most cases. The working fluids studied include selected combinations ofCFC-12, HCFC-22, HFC-32, HCFC-123, HCFC-124, HFC-125, HFC-134a, HCFC-142b, HFC-143a and HFC-152a with mineral oils, alkylbenzenes, polyolesters (both mixed acid and branched acid) and a polyalkylene glycol. Results are presented in the form of a Daniel Chart, which includes isobaric viscosity curves, and equations.
INTRODUCTION
Among the concerns associated with non-chlorinated refrigerants and new companion lubricants are lubrication of the compressor with a fluid which is a mixture of lubricant and refrigerant and accomplishing the desired heat transfer objectives with a fluid which is also a mixture oflubricant and refrigerant. Many systems contain an oil sump, in which the lubricating fluid is oil rich with some refrigerant dissolved, and oil migration is present in many, if not all, systems causing the liquid phase of the heat transfer fluid to be a refrigerant rich mixture. This project, which was jointly defined by representatives of industry and government, and was performed under the auspices of the Air Conditioning and Refrigeration Technology Institute, was undertaken to provide basic engineering data applicable to both of these regimes. This paper will focus on the results and observations concerning the similarities and differences between the types oflubricants studied with common refrigerants. Several representative plots are given in this paper to illustrate these points. The reader is strongly encouraged to consult the final report for application specific information. Table 1 below lists the thirty five combinations studied.
HFC-3 2: Viscosity of the mixtures shows large reductions compared to the neat oil, as evidenced by the relatively wide spacing of the viscosity lines. The vapor pressure of the mixtures is high, as might be expected for mixtures containing this high pressure refrigerant. No obvious differences are noted between POE mixed acid and branched acid lubricants.
HFC-125: The dilution effects on viscosity tend to become greater as the refrigerant concentration is increased, meaning that at a given temperature, the reduction in viscosity caused by 30 weight percent dilution is greater than the reduction caused by 20 percent, which is in tum greater than the reduction caused by 10 percent. Differences between POE mixed acid and branched acid lubricants are again very subtle, if present.
HFC-152a: Viscosity behavior with the two alkylbenzenes is unusual; it appears that dilution effects are limited, since the viscosity reduction from 20 to 30 percent lubricant is much less than the reduction from 10 to 20 or from 0 to 10. (Compare with the ISO 22 and ISO 68 POE mixed acids). When compared to CFC-12/ISO 32 mineral oil, the HFC152a/ISO 32 alkylbenzene mixtures are quite a bit lower in viscosity at the same temperature and composition, although this difference becomes less pronounced as HFC-152a concentration is increased. Vapor pressure of the HFC-152a mixtures is significantly higher. These same comments apply when comparing HFC-152a/ISO 22 POE mixed acid to CFC-12/ISO 32 mineral oil.
Vapor pressures for the ISO 68 alkyl benzene mixtures are higher than for the ISO 68 POE mixed acid. Viscosity of the alkylbenzene is lower in the 10 to 20 percent refrigerant range, but becomes higher in the 20 to 30 percent range.
HFC-l43a: The most striking observation concerning this refrigerant is the large change in viscosity/ temperature slope with increasing HFC-l43a concentration for the POE branched acid lubricants. This effect is more pronounced for the ISO 32 lubricant than for the ISO 100.
High Refrigerant Concentration Mixtures
Density data behavior is more complicated than for the low refrigerant concentration mixtures. All refrigerants studied exhibit some non-linearity with respect to temperature; HFC-134a is fairly linear, while HFC-125 exhibits curvature, and mixtures of these refrigerants with generally linear lubricants can result in complex behavior. Crossovers occur as seen in Figure 3 . HFC-125 with the ISO 32 pentaerythritol ester branched acid (Figure 3 ) is an interesting case in that these mixtures demonstrate nearly ideal behavior (the crossovers occur at a single temperature). Figure 4 demonstrates the deviations from ideal behavior which are more commonly observed.
Although vapor pressure is only minimally affected by the addition of 10 and 20 weight percent oil, the viscosity of the fluid is dramatically increased. At a given temperature, the increase in viscosity from 10 to 20 percent oil is greater than the increase from 0 to 10 percent. As the temperature is lowered, the effect increases. The small changes in vapor pressure due to the presence of the oil result in isobaric viscosity curves which are nearly vertical, i.e. small changes in temperature at a constant pressure result in large changes in viscosity. HFC-134a: Regions of immiscibility are noted for three of the five POE mixed acid lubricants studied, while complete miscibility was observed for all three POE branched acids over the temperature range -40 to +40°C.
The ISO 68 PAG/HFC-134a solutions exhibit significantly higher viscosity than the ISO 100/CFC-12 mixtures, particularly at low temperatures, even though the ISO grade ofthe PAG is lower. This is most likely due to higher solubility of mineral oil in CFC-12.
Significant differences in viscosity and vapor pressure are not observed between the mixed acid and branched acid POE lubricants for ISO viscosity grades 22, 68 and 100. When compared to CFC-12/ISO 100 mineral oil, the ISO 100 POE mixed acid and branched acid lubricants with HFC-134a are both slightly higher in viscosity at common temperatures and compositions. ISO 32 POE mixed acid and branched acid oils with HFC-134a show higher viscosity than CFC-12/ISO 32 mineral oil mixtures at all temperatures and compositions.
DISCUSSION OF RESULTS

Low Refrigerant Concentration Mixtures
Density curves at constant composition tends to be equally spaced straight lines, except when the density of the neat refrigerant is close to the density of the refrigerant (Figure 1 represents an extreme case) . Crossovers of the mixture lines also occur as shown in Figure 2 .
In all cases, the viscosity data are linear when plotted on the specialized axes normally used for neat lubricants and lubricant/refrigerant mixtures at low refrigerant concentrations, i.e. there is no curvature with respect to temperature (see Figures 5 As would be expected, increasing the refrigerant concentration increases the vapor pressure of the mixture at all temperatures, but the magnitude of the increase in not linear with respect to concentration. Figure 7 is an extreme example; note the effect on viscosity of this "decreasing solubility."
More specific observations, organized by refrigerant, are given below (supporting data is in the final project report):
HFC-134a: The ISO 68 PAG shows less change in viscosity with temperature than does either of the ISO 68 POEs. Although the vapor pressure of these three mixtures is very nearly the same at all concentrations and temperatures, the viscosity of the PAG mixtures is higher than the POE mixtures due to the higher viscosity index of the rieat oil.
When compared at the same ISO grade (22, 68 and 100) and at common temperature and composition, the POE mixed acid lubricant mixtures exhibit slightly higher vapor pressure and slightly lower viscosity than do the branched acid lubricant mixtures. The ISO 22 mixed acid has a slightly higher viscosity index than does the branched acid, but the opposite is true for the ISO 68 and ISO 100 lubricants.
The ISO 100 POE mixed acid and branched acid both show lower viscosity at low temperatures and higher viscosity at elevated temperatures than the CFC-12/ISO 100 mineral oil mixtures, due to the higher viscosity index of the neat oils and the fact that the mixture viscosity lines are very nearly parallel to the neat lubricant line. This effect is more pronounced for the branched acid than for the mixed acid.
Small differences in viscosity are observed between the two ISO 32 POE mixed acids, with number 1 exhibiting slightly lower viscosity than number 2 at all temperatures and composition. The differences are more pronounced in the 10 and 20 percent oil range than at 30 percent. Both show lower viscosity at low temperatures and higher viscosity at elevated temperatures than the CFC-12/ISO 3 2 mineral oil mixtures, again due to differing viscosity indices of the neat lubricants.
Viscosities of both ISO 22 mixed acid and ISO 22 branched acid are somewhat lower at all temperatures and compositions than CFC-12/mineral oil. Looking at this situation another way, for a given temperature and pressure, the HFC-134a mixtures are lower in refrigerant concentration which tends to offset the reduction in viscosity caused by the different ISO grades. Vapor pressure of the HFC-134a mixtures is significantly higher in both cases than is CFC-12/MO. HCFC-123: Comparison of the ISO 32 mineral oil and the ISO 32 alkyl benzene reveals that the vapor pressure and viscosity are lower at common temperatures and compositions for the alkylbenzene than for the mineral oil. Alternatively, at a given temperature and pressure, the mineral oil mixture is more oil rich than the alkylbenzene.
The ISO 68 alkylbenzene is virtually identical in vapor pressure to the ISO 32 alkylbenzene, but the mixture viscosities are higher, and in fact are higher than the ISO 32 mineral oil mixtures at all temperatures and compositions. This means that at a constant temperature and pressure, the ISO 32 mineral oil mixture is more oil rich than the ISO 68 alkylbenzene mixture, but this is offset by the higher ISO viscosity grade.
With the exception of inuniscible regions noted above, significant differences are not observed between HFC134a/ISO 22 mixed acid or branched acid lubricants and CFC-12/ISO 32 mineral oil. The pressure of CFC-12/mineral oil mixtures at higher temperatures are more linear with respect to composition than are the HFC-134a/synthetics. HFC-123: The presence of mineral oil, whether 10 or 20 percent, reduces the vapor pressure by approximately the same amount, while there are clear differences between the presence of 10 or 20 percent al.kylbenzene. This effect is more pronounced at higher ISO viscosity grades. Viscosity is affected as might be expected~ addition of a given amount of a higher ISO grade lubricant results in higher viscosity elevation than the same amount of a lower ISO grade.
HFC-32: This refrigerant was found to be immiscible at room temperature, 10 and 20 weight percent lubricant compositions, with ISO 68 POE mixed acid # 2 and ISO 100 POE branched acid. Regions of immiscibility were also observed for the other lubricants studied, ISO 22 POE mixed acid# 2 and ISO 32 POE branched acid. This region extends to much higher temperatures for the mixed acid than for the branched acid. Vapor pressure of the refrigerant is markedly unaffected by the presence of the oil at low and moderate temperatures. •o ,.
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